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A quasielastic neutron scattering experiment has revealed the dynamics of surface water in a high
surface area zirconium oxide in the temperature range of 300—360 K. The characteristic times of the
rotational(picosecondsand translationaltens of picosecondil€omponents of diffusion motion are

well separated. The rotational correlation time shows an Arrhenius-type behavior with an activation
energy of 4.48 kJ/mol, which is lower compared to bulk water. The rotational diffusion at room
temperature is slower by about a factor of 2 compared to bulk water, whereas the translational
diffusion slows down by a factor of 40. In contrast to bulk water, the translational correlation time
exhibits an Arrhenius-type temperature dependence with an activation energy of 11.38 kJ/mol.
Comparison of different models for jump diffusion processes suggests that water molecules perform
two-dimensional jumps at a well-defined, almost temperature-independent distance of 4.21-4.32 A.
Such a large jump distance indicates a low molecular density of the layer of diffusing molecules. We
argue that undissociated water molecules on an average form two hydrations layers on top of the
surface layer of hydroxyl groups, and all the layers have similar molecular density. Quasielastic
neutron scattering experiment assesses the dynamics of the outermost hydration layer, whereas
slower motion of the water molecules in the inner hydration layer contributes to the elastic signal.
© 2004 American Institute of Physic§DOI: 10.1063/1.1804152

I. INTRODUCTION Kurodaet al,?* which demonstrated quasielastic broadening
] ] ] associated with the dynamics of a monolayer of water near

Unless a dehydroxylation treatment is applied, watefoom temperature. This relative absence of QENS data on
species are always present on an oxide surface. Chemisorbggtace water dynamics in high surface area oxides is sur-
surface hydroxyl groups saturate the coordination of surfacgrismg given their importance in catalysis. In this work, we
cations and complete the interrupted bulk crystalline ”et'report a QENS study of the mobility of surface water in a
yvork. Under gmbient conditions_, water molecules are physhigh surface area zirconium oxide ZrOSurface hydroxyl
|sorbeq on OX|de_sur_faces. The mﬂuenc_e of su.rface water OBroups and undissociated water molecules play an important
the oxide properties increases rapidly with the increase of thga in many reactions over zirconia, such as methanol syn-
specific surface area as the ratio of surface-to-bulk atomg,asis and isosynthesis reaction of CQ/H,0.% In auto-
grows. In technologically important high surface area oxidesyqtive catalysis, zirconia is an important additive to ceria,
having specific surface area of tens or hundreds metersy.h is a catalyst for water-gas shift reaction €6,0
squared per gram, adsorbed water exerts a great influence O0CO,+H,. Furthermore, one can expect QENS measure-
the surface properties of the oxide. _ ments of surface water in Zgo reveal some general fea-

The exceptionally large incoherent scattering cross seGyres of water dynamics on oxide surfaces.
tion of hydrogen compared to other elements makes neutron 1, date, neutron scattering was employed to investigate
scattering an attractive technique to study the dynamics Qfijyrational dynamics of surface water in Zr3® The aim of
surface water. Quasielastic neutron scattef@gNS is in- 6 present work is to study the mobility of surface water in
dispensable for studying the mobility of water moleculesir;qonia near and above room temperature, with the coverage
through the dependence of quasielastic scattering intensif meq ynder ambient conditions. This is a not a simple task
on the scattering vector. AS a method of cho'lc.e, QENS.ham several aspects. To begin with, the single-particle dynam-
been used for a great variety of water-containing material§cg of interfacial water molecules is not thoroughly under-
both organic and inorganic** However, the dynamics of 6. Only recently a coherent picture spanning both short
surface water in oxides has received almost no attentiog,q jong time intervals of the diffusion relaxation proédss
compared to water confined in porous glass such agnq incorporating the coupling between translational and ro-
vycor,”*#*'mesoporous silic& MCM-41 (Refs. 16 and 2B (ational molecular motior& has begun to emerge. Also, the

; : 4,5,19-21 - : : ’
or interlayer water in clays:">'%"*'A rare exception is the ~giface structure of monoclinic zirconia, while exhibiting a
study of condensed surface water on hydroxylategDgby preferred termination along thel1l) plane? is not very
uniform, and water adsorption on zirconia surfaces in general
dFax: (301) 921-9847. Electronic mail: mamontov@nist.gov does not show distinct steps of layer adsorpfioi. Addi-
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tionally, even though the incoherent neutron scattering croskl-O-H bending® The thermal gravimetric analysid@GA)
section for both Zr and O is very small, the presence ofmeasurements of the powder in the temperature range of
surface hydroxyl groups gives rise to a strong elastic signal300-673 K showed a weight loss of 2.5%. The TGA mea-
which makes the accurate subtraction of it from the datasurements were repeated three times following the full recov-
problematic. Finally, the quasi-two-dimensional nature ofery of the initial weight by the sample stored overnight under
water diffusion on the surface of randomly oriented crystal-ambient conditions, and demonstrated reproducibility and re-
lites further complicates data analysis compared to moreersibility of the weight loss. The FTIR spectra collected
commonly studied three-dimensional diffusion. Neverthe-prior to the TGA measurements and after the sample re-
less, we demonstrate that by applying simple models for wagained its weight were practically identical. Because surface
ter diffusion which assume the decoupling of translationaldehydroxylation is not expected under the conditions of the
and rotational motions, one can successfully analyze QEN$GA measurements, the reversible weight loss was attrib-
data and obtain meaningful results even for water on a nondted to undissociated water. This attribution allows one to
uniform surface such as that of Zs@rystallites. In particu- calculate the molecular water content to be 0.17 mole per
lar, we find that the residence time for translational diffusionmole of zZrO,, corresponding to 10.5 water molecules per
of surface water in Zr@ at room temperature increases by 100 A? of the surface. Water adsorption on zirconia surfaces
roughly a factor of 40 compared to bulk water, whereas then general does not show distinct steps associated with layer-
correlation time of rotational diffusion component increasespy-layer adsorption®>! Nevertheless, one can estimate the
just by a factor of 2. This effectively separates the characteraverage surface coverage by assuming that 46 Hhol-
istic times of rotational and translational diffusion compo- ecules cover a fully hydroxylated surface of 108 As found
nents, which are comparable in bulk water at room temperafor OH species in silic® yielding an average surface cov-
ture, thereby ensuring the validity of decoupling erage of 2.3 layers. Alternatively, assuming an areal density
approximation for data analysis. In contrast to bulk water, thexf ~11 H,0 molecules per 100 Abased on the bulk water
characteristic time of not only the rotational but also thEdensity, one would obtain the average surface coverage of
translational motion displays an Arrhenius-type temperaturgne |ayer. As will be discussed in the following sections, the
dependence within the studied temperature range of 300—-36@sults we obtained are consistent with the presence of about
K. HaVing tried several models for translational diﬁusion, WetWO |ayers of molecu|ar water on top Of the Surface hydroxyl
found that the QENS data are best described by a quasi-tweyouyps.
dimensional jump diffusion process with a fixed jump length.  QENS experiment was carried out using the cold neutron
Regardless of the model used, the data analysis yields vegne-of-flight disk chopper spectrometédCS) (Ref. 37 at
long jump distances which are incompatible with protonthe National Institute of Standards and Technology Center
jumps across the tetrahedral angle of four-coordinated mokyr Neutron Research. Water-containing ZrPowder was
ecules known for bulk watef.* We argue that the outer- pjaced in a thin annular aluminum sample holder chosen to
most layer of the surface water in Zz@liffers from bulk  ensyre greater than 90% neutron beam transmission through
water in many aspects. It has low molecular density, ishe sample, sealed with an indium O ring, and mounted onto
bonded to the immobil¢or slow moving molecules of the 5 closed-cycle refrigerator. The temperature was controlled
inner hydration layer, and its translational mobility is due toyithin +0.5 K. The incident neutron wavelength wes 9.0
thermally activated, Arrhenius-type surface jump diffusion. g (Eo=1.0meV). At this incident energy, the high-intensity
operation mode of the instrument provides an energy resolu-
Il. EXPERIMENT tion of about 19ueV (full width at half maximun), as mea-
Zirconium oxide powder sample with a specific surfacesured with the sample at 60 K. The DCS detectors are lo-
area of 80 /g was obtained from Magnesium Elektron Inc., cated 4000 mm from the sample at scattering angles from 5°
New Jersey. The peak width analysis of the x-ray diffractionto 140°. Because of the overwhelmingly strong small-angle
pattern obtained using a Bruker D8 powder diffractometerelastic scattering, the low-angle detectors were excluded
yielded a crystallite size of 150 A. As received powder was from the data analysis. To improve the statistics for data
annealed in air at 873 K in order to ensure the removal ofnalysis, the data from the 649 detectors covering the range
any organic residue from the surface. The IR measurementsf the scattering vectors 0.40A<Q<1.20A™! (at the
of the powder were performed at room temperature with alastic channglhave been summed and rearranged to yield
Thermo Nicolet Nexus 670 Fourier transform infrared 11 spectra with constant energy binning of the data points for
(FTIR) spectrometer having a resolution of 4 cmThe IR  the energy range of 500 ueV.
spectra indicated the presence of undissociated surface water. Following the collection of QENS spectra at 300, 320,
A hydroxylated monoclinic Zr@ surface free of undissoci- 340, and 360 K, the data were measured at 60 K to obtain the
ated water is characterized by two well-defined peaks ainstrument resolution function. Then the indium seal was re-
~3780 and~3670 cm ! due to O-H stretch mode of termi- moved and the sample was evacuaiedsitu for 1 h atT
nal (coordinated to only one surface catioand tribridged =375K to about 10° Torr using a turbo pump. The final set
(coordinated to three surface catipnBydroxyl groups, of data was then collected at=300K from the evacuated
respectively®3*Instead, we observed a single broad peak asample. Such a treatment is expected to remove the phys-
~3690 cm!, similar to the one assigned to a stretch O-Hisorbed water species without affecting chemisorbed hy-
mode of molecularly adsorbed water on Ge¥¥*° and a  droxyl groups. As can be seen in Fig. 1, the evacuation at
fingerprint molecular water feature at1630 cmi! due to 375 K eliminates virtually all of the quasielastic scattering,
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FIG. 1. The effect of evacuation on the neutron spectrum of surface water in L
ZrO, collected atQ=1.04 A", The energy transfer range and the elastic
peak are truncated. Mobile water that gives rise to the quasielastic wings i§IG. 2. The QENS data collected §=1.04 A"! (filled symbol3, the
removed by the evacuation treatment at 375 K. The resulting completelpverall fit obtained using the model for two-dimensional diffusion with a
elastic peak is similar in width to the instrument resolution function. fixed jump length(solid line), and the quasielastic contribution due to the
rotational diffusion componeribold ling). The elastic peak is truncated.

resulting in a completely elastic spectrum whose shape is

quite similar to the measured instrument resolution functionsmall incoherent scattering cross section for zirconium and
This reassures us that the observed QENS signal is due #xygen and the relatively large fraction of water molecules
surface water rather than water species confined in close the sample(0.17 molecules of removable water species
pores that would not be desorbed in the course of evacuatigier 1 molecule of ZrQ in addition to nonremovable OH

treatment. groups suggests that the scattering contribution from zirco-
nia itself is negligible, except for the lo@-region and the
IIl. RESULTS AND ANALYSIS scattering vectors corresponding to ZrBragg peaks. While

. the elastic scattering from a matrix or substrate is often sub-

Figures 2 and 3 show the temperature dependence of thgacted from the measured data, we chose not to perform
scattering intensity collected @@=1.04A"%. Similar to  gych a subtraction because determining the fraction of “im-
spectra obtained from bulk water, the QENS signal exhibits gnopile” OH/H,O species on the time scale of the experiment
broad and a narrow component. The former is visible wheRersus mobile HO molecules is difficult. Instead, we fitted
the whole range of measured energy transferS00ueV  the data using the following expression:
<E<500ueV, is plotted(Fig. 2), whereas the latter can be
visualized when the central region is expand€igs. 3a) ' (Q.E)=A(Q{X(Q)8(E)+[1-x(Q)]S(QE)}+BE+C
and 3b)]. As will be discussed below, the broad component @
ascribed to rotational diffusion was modeled using a sum otonvolved with the spectrometer resolution function. Hire
Lorentzians. Different types of QENS broadening, bothis a scaling constan,is the fraction of the elastic scattering,
Lorentzian[Fig. 3(@] and more peaked non-Lorentziffig.  S(Q,E) is a model quasielastic scattering function, and the
3(b)] were tried for modeling of the narrow component origi- terms BE and C describe the inelastic background. While
nated from translational diffusion. The general trend is thawarious forms ofS(Q,E) were tried, none of them contained
the width of the quasielastic signal grows as the temperatura purely elastic terntas would be the case for purely rota-
is increased, which demonstrates faster diffusion at highetional diffusion because a nonlocal translational diffusion
temperatures. In addition to the QENS signal from mobileprocess was always incorporated into the model scattering
water species, the spectra include a strong elastic line owinfynction. The values of(Q) obtained with differen5(Q,E)
to the scattering from zirconia crystallites, surface hydroxylwere very similar, with the difference less than 3% at gy
groups, and, possibly, water molecules which are immobilgoint. Figure 4 shows the fraction of the elastic scattering
on the time scale of the experiment. One expects that most abtained using the best fit model f8Q,E) which will be
the coherent scattering from zirconia is localized in thediscussed below. The upp€rlimit of the QENS data range
Bragg peaks and the lo®-region, where the small-angle was just below the first Bragg peak of monoclinic 2rCa
scattering intensity from a high surface area powder is exvery weak(100) peak atQ=1.23 A"1. The presence of this
pected to grow rapidly. This, in combination with the very peak increased(Q) very little. At low Q, a substantial rise
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FIG. 4. The fraction of the elastic scatterifg(Q) in Eg. (1)]. X-ray data
are shown to illustrate the small-angle scatteringt to scalg

@ F(Q.)=R(Q,H)T(Q.1), @

whereR(Q,t) andT(Q,t) represent the rotational and trans-
lational components of the motion. The scattering function
can then be written as

S(Q.E)=R(Q.E)®T(Q,E). )

The convolution in energy is facilitated by the fact that the
intermediate scattering functions that we use consist of only
time-independent and exponential terms:

R(Q,t)=j3(Qa)+3ji(Qajexd —t/(37g)]

+5j5(Qa)exy —t/g] (4

for rotational diffusion with correlation timeg and (in the
simplest case

t
T(Q,t)=ex;{—F(Q)g} ®)

for translational diffusion. Equatiof¥) represents the first
three terms of the expansion due to S&afer rotational
(b) diffusion of a molecule. For a water molecukejs the O-H
FIG. 3. Near elastic peak region of the QENS data collectedQat distance WhIChllszgﬁiA. Tlhenhforf.th@ I’ﬁnge of our .mei_
—1.04 A1 (filled symbols fitted with () the model for three-dimensional  SUrémMentsQ<1. , only the first three terms in the
diffusion (Lorentzian and(b) the model for two-dimensional diffusion with ~ €xpansion(4) of the corresponding infinite series make non-

a fixed jump length. The overall fit and the quasielastic contribution due tonegligible contribution tcR(Q,t)_ Then the Fourier transfor-
g’sgstlie\llt(i;;al diffusion component are shown with solid and bold lines, 'e-mation of Eqs.(4) and (5) yields

R(QE) = [3(Qa)a(E)+ 3{3(Qa) = — o oTe)
,E)= a a———————

Jo e T B (B 2
in X(Q) was observed. This rise originated from small-angle

scattering, as evident from the comparison of the fraction of I hl TR

the elastic scattering with the x-ray diffraction intensity in +5j z(Qa);m, (6)
Fig. 4. In fact, as mentioned in the preceding section, very R

strong elastic small-angle scattering signal imposed a lower 1 T(Q)

limit on the useful data range, forcing us to exclude IQw- T(Q,E) (7)

T m Rl T2
detectors from the analysis. TEHTHQ)

Assuming that the rotational and translational motions ofThe parametel’(Q) represents the half width at half maxi-
the water molecules can be treated as independent in timmaum (HWHM) of the Lorentzian quasielastic broadening as-
and space, one can write the intermediate scattering functiosociated with translational diffusion. For the total intermedi-
as ate scattering function
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TABLE |. Parameters obtained from fitting tli@dependence of the Lorentzian half width at half maximum presented in Fig. 5. The mean jump length was
calculated from the fit parameters andD3p as (r2))Y?=(D5p67) Y2

3D, fixed jump length 3D, Gaussian jump length distribution

T (K) TR(X 10 125s) (X 107 ?s) ((r2)¥2(A) D3p(X 10 m?¥/s) (X107 1?s) (r2)¥2(A) D3p( X107 m?/s)

360 1.52 19.14 5.29 24.4 16.78 5.88 34.4
340 1.64 23.52 5.15 18.8 20.38 5.72 26.8
320 1.83 30.43 5.25 15.1 26.68 6.14 23.6
300 2.04 40.81 5.48 12.2 36.66 6.85 21.3
., t three-dimensional diffusion coefficielt;p= LS/BTT. For a
F(Q.U=]o(Qajexp —I'(Q) - distribution of jump lengthd3p(r), the HWHM further av-
eraged over the jump lengths becomes
t
+3j%(Qa ex;{—t/ 37g)—T —} w sinQr
if(Qa) (370)~T(Q) % f (1_ Q )PSD(r)dr
rg-r Y (1)
. t = o0
+5]§(Qa)ex;{ —t/rR—F(Q)g}. (8) TT f Pao(r)dr
0

Therefore, the total scattering function in the energy spacene choice ofP4p(r), which is not unique, defines th@
can be represented as dependence of the HWHM. For a Gaussian distribution of
jump lengths in three dimensions,

SQE)-i3Qa) s D 1
T E2+T4(Q) Pap(r) = 5—= exp(—r/2r), (12)
ro\/(27-r)3
+3j%(Qa) — Z[h/(gTRHF(Q)] > which corresponds to the normalized scalar distribution of
T E“+[h/(37R) +T'(Q)] jump lengths
1 il mp+T
+5j5(Qa) — Ml g N S
E2+[#/7r+T(Q)] 3p(r) r3Jﬁexp( rel2rg) (13
0
The characteristic time for rotational diffusion is often much
shorter compared to translational diffusion. Equat@nthen
comprises broad components originating mainly from faster 50
rotational diffusion and a narrow component due to slower
translational diffusion. 40 g ¢ ¢ & .
The analysis of the quasielastic spectra using Efjs. % 5 * T :
and(9) with a fixed value ok=0.98 A yielded the rotational -; . ——
diffusion correlation timesr, listed in Table 1, and the half Z . . £
width at half maximunml™(Q), as plotted in Fig. 5. The over- = . 360K :
all trend is that thel'(Q) broadens as temperature is in- 10 oo
creased, indicating a faster translational diffusion. Thee- 0 = 300K
pendence of the broadening seems to exhibit a weak
maximum at intermediat€ values, which becomes some- 50
what more pronounced at higher temperatures. The presence s
or absence of such a maximum is crucial in determining the 7 T
nature of the jump diffusion process. The presence of a maxi- % 30 2
mum is a fingerprint of a jump diffusion process with a fixed s £ . T s —
jump lengthL . For a three-dimensional jump diffusion pro- % 20
cess with the residence timg between jumps, the scattering x s 360K
function averaged over the angular coordinates of the vector 197 . ‘;ggﬁ
Q is a Lorenztian with the half width at half maximum, o = %0K
5 n(QL ) 5 0.0 02 04 086 0.82 10 12 14 16
S 0 . Q* A7
rQ-= TT(l oL, |~ [L-ieQol (10

FIG. 5. Q dependence of the Lorentzain half width at half maximum ob-

.o . . R tained assuming three-dimensional diffusion, and its fitting with transla-
where |, is the spherical Bessel function of zeroth order. tional jump diffusion models with a fixed jump lengttop) and a Gaussian

The residence time and jump length are related through theistribution of jump lengthgbottom.
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with mean square jump lengti?)=3r2, the half width at  Equation(16) diverges when botE, #—0 (that is, wherQ is
half maximum as derived by Hall and R83ss perpendicular to the diffusion plane, and diffusion has no
influence on the scattering anymar&he singularity in the

_h 52 scattering law is not seen experimentally because of a finite
I'Q)= T—T[l—exp(—Q ro/2)] instrument energy resolution, and a scattering function more
5 peaked compared to a Lorentzian is observed instead. For
< i =1—x2 e Vi
_ T—[l—eXp(—DsanTT)], (14) QLy<<1, expansion)y(X) =1—x“/4+--- yields
.

1 #D,pQ%sirf 6

1 (=
where the three-dimensional diffusion coefficieillzp T(Q'E):EL smﬁdﬂ; E2+ (AD,pQ2sir? 6)2'

=(r?)/6r;. Alternatively, an exponential distribution of 17)

i 9,41 .
jump lengthS**" can be used that results I(Q) different where the two-dimensional diffusion coefficienD,p

from Eq.(14). We chose a Gaussian distribution since it has L2/a Equation(17) is often used if one is mainly con-
been employed successfully to describe translational dynam- 9 T = y

: . . % cerned with determining macroscopic surface diffusion coef-
ics of interfacial watet?®?*and allows easy generalization J P

- 45-48 ;
for two-dimensional geometry. In both Eq4.0) and (14), ficient from low-Q data.>"For this case, the problem of a
. . singularity in the data has been treated by Lechhafore
the Q dependence shows the correct asymptotic behavior

I'(Q—0)=%D3pQ? andI'(Q— ) =#/r, but, unlike Eq. complex model scattering functions have been developed to

< . . . analyze the data that exhibit a maximumIifQ) on the
f/g%e'i%fg“) does not exhibit a maximum at intermediate | & ot models for diffusion with a fixed jump length,

As listed in Table I, both the fixed jump length model whether distributed in the plaffé,or localized on a two-

and the model with a Gaussian distribution of jump Iengthsd'mens'onaII lattice? For a fixed jump length in a plang,

yielded rather similar values far, , while the differences in the translational scattering functi¢h6) exhibits a maximum

the values for the diffusion coefficient were somewhat Iargerf”lt intermediateQ values similar to Eq(10). To properly

It should be noted that for the translational diffusion theanalyze thg diffusion process with a d.'St.“bUt'on of jump
. ) lengths, which would lead to a monotonic increasd ¢Q)
jump lengths are considerably larger than for bulk water, ; =
while 71 is much longer. These combine to give a diffusion similar to Eq.(14), we are forced tq use even more complex
coefficient that is a fraction of that for bulk water. model for the translational scattering function

In order to assess the confidence we can place on the 1f

T 1
singdo—
0 aa

model parameters, and to make a decisive conclusion on the T(Q.E) 2
nature of the jump diffusiorfa fixed jump length versus a

distribution of jump lengthswe have to use a more realistic ho )

model that takes into consideration a quasi-two-dimensional T_Tfo[l_Jo(Qf sin@) |P,p(r)dr
character of the diffusion of surface water. Theory of QENS X
from species performing translational diffusion on a two di- E2+
mensional surface has been developed by several

authorst*?*3For diffusion in a plane with a fixed diffusion (18
jump lengthL, and residence timey between jumps, the  tho omalized two-dimensional expression analogous to
scattering function averaged over the in-plane angular coorEq_ (12)

dinate of the projection of the vect@ on the plane of dif- '

2.

h
T—ng[l—Jo(QfSin@)]PzD(f)dr

fusion is still a Lorenztian with the HWHM, 1 ’
Pop(r) = —exp(—r?/2rg) (19
Q)= T_T[l_‘]O(QLO sind)], (19 corresponds to the normalized scalar distribution of jump
lengths
where the cylindrical Bessel function of zeroth ordgy,re-
places the spherical Bessel function in Etp).****Here is Po(r) = Lexp(— r2/2r2) (20)
the angle between the normal direction to the plane and the r?,

direction of vectorQ. However, for an array of randomly with mean square jump Ieng(hl2>=2r§. The mean square

oriented diffusion planes, the scattering function has to be . !
further averaged ovef. The resulting translational compo- Jump length and residence time are related through the two-

nent of the scattering function is no longer a sim ledimensional diffusion coefficiertD;p=(r*)/4rr .
43,44 9 9 P Figure 6 illustrates the difference between the scattering

Lorentzian: functions T(Q,E) for three- and two-dimensional diffusion

A calculated atQ=1.0A"?! for arbitrarily chosen parameters
—[1-J4(QLysing)] rr=10ps andL,=3 A [or ((r?))¥2=3 A, that is, ry=3

T X (2)"Y2A in Eq. (20)]. Both two-dimensional diffusion
processes yield more peaked scattering functions compared
to the Lorentzian resulting from a three-dimensional diffu-
(16) sion process with similar parameters. Between the two-

1 (= .
T(Q,E)=§fO singd 6 — 5.

o
E2+

—[1—J0(QLosin0)]}
T
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ﬁ o
F(Q,sin9)=T—TfO [1-Jo(Qrsind)Pyp(r)dr (22

for the distribution of jump lengths described by EB0).

The values for the translational diffusion time and jump dis-
tance obtained in the fitting procedure should be averaged
over all Q points. In the simple case of three-dimensional
diffusion giving rise to a Lorentzian broadening, the same
effective averaging of the model parameters ov@ris
achieved in the course of fitting & points inI'(Q) with a
single function depending on diffusion parameters.

450 -100 50 O 50 100 150 To restrict the number of fitting parameters, we used the
rotational diffusion timerg obtained in the modeling for a
three-dimensional diffusion as listed in Table I. Furthermore,
— 3D {Lorentzian S(Q.E)) it is easy to see that the residence time between jumps is
—e— 2D, fixed jump length . . . . .
—— 2D, Gaussian distribution of jump lengths independent of averaging over jump distances and orienta-
tions in Egs. (21) and (22). Therefore, for the two-
FIG. 6. An illustration of the effect of two-dimensionality on the transla- dimensional processes with a fixed jump length and a jump
tional component of the scattering function calculate@at1.0 A~ for the length distribution we used the values wf obtained previ-
residence time of 10 ps and the jump lengthaverage jump lengitof 3A. ¢ ,q)y for the three-dimensional diffusion processes with the
corresponding model for jump length as listed in Table I.
Indeed, applying a two-dimensional rather than a three-

dimensional processes, the one with a Gaussian jump |enggl1'mensional model should have an effect on the parameters
distribution produces a more peaked scattering function owdescribing the jump length, but not the residence time be-
ing to the presence of some very short distances in the jumfve€en jumps. In the system we studied, further simplification
length distribution. of the model is possible in principle becausg is much
The procedure for obtaining the two-dimensional diffu- Smaller thansr. This makes the portion &&(Q,E) in Eq.
sion parameters from the experimental data is different froni21) that fits the narrow translational diffusion component
the one described above for the three-dimensional diffusioRr@dominantly sensitive to the first term and largely indepen-
process. In the latter case, the shape of the QENS signal dent of the next terms, which are much broader. It should be
Lorentzian is knowna priori. The HWHM of the Lorentz- noted that the fact that the first term in E@1) is indepen-
ians are obtained at ea€point, and the resulting (Q) is dent of 7y justifies fixing the rotational diffusion time. Be-
fitted with an expression such as HA0) or Eq. (14) that ~ Sides, the last term in Eq21) proportional toj5(Qa) re-
includes diffusion parameters as fitting variables. For twonains small because of the limitég range, which allows
dimensional jump diffusion, the theoretical scattering func-further simplification of the model scattering function. On
tion is no longer a Lorentzian. Thus; andL, [or r, if Egs.  the other hand, for systems with smaller separation between
(18) and (20) are usedi should be obtained at ea& point translational and rotational characteristic times using all
independently by means of fitting the experimental data usterms in Eq.(21) is essential. In our analysis, we used non-
ing the total scattering function which is similar to E§)  Simplified Eq.(21).

but incorporates a proper averaging for a two-dimensional ~ T0 assess the quality of models, we compared the agree-
process: ment factors obtained using E) (Model ), Egs.(21) and

(15) (Model 11), and Eqs(21) and(22) (Model IIl) at eachQ
> 1 (= 1 T(Q,sing) point. The results are summarized in Table Il. Except for two

S(Q’E):JO(Qa)EL sm&d&; E2+[T'(Q,sin6)]? points in 300 K data set, the best agreement is always ob-
tained using Eq921) and(15), whereas the scattering func-
tion described by Eqg21) and(22) typically yields second
best agreement. This indicates that the translational compo-
nent of water diffusion in the system we studied is indeed
1 I'(Q,sin®) + (#/371g) described by a quasi-two-dimensional jump diffusion pro-
P : 2 cess. Furthermore, this jump diffusion process is character-

ES+I(Q.sing)+ (#/377)] ized by a fairly well-defined jump length rather than a dis-

T(Q,E)

Energy [pneV]

1 (=
+3j§(Qa)§JO singdé

5 1 (= tribution of jump lengths.
+5)2(Qa) 5 fo singdg The diffusion parameters obtained with the best fit
model using Eqs(21) and(15) are summarized in Table III.
1 I'(Q,sind)+ (Al 7R) Note the decrease of the jump distances compared to those

X— ) (21) obtained for the corresponding three-dimensional case as
2 ; 2
TESHITQ,sing) + (i) 7R)] listed in Table I. This is because the position of the maxi-
where I'(Q,sind) is defined by Eq.(15) for a fixed jump mum in the QENS broadening as a function@ffor fixed
length diffusion and jump length models is defined by the first minimum of the
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TABLE II. The agreement faCtO)’(2=E(|experimem—|modeDZ/(Nobservanons— Nparametess OPtained using different models for translational diffusion component:
three-dimensional diffusiofi), two-dimensional diffusion with a fixed jump length), and two-dimensional diffusion with a Gaussian distribution of the
jump lengths(lil).

300 K 320 K 340 K 360 K
Q(A™h [ I 1] [ I i I I 1] [ I 1]
0.40 0.534 0.518 0.524 0.679 0.641 0.651 0.686 0.642 0.651 0.784 0.715 0.730
0.48 0.692 0.668 0.676 0.822 0.768 0.784 0.809 0.748 0.763 0.882 0.777 0.806
0.56 0.926 0.895 0.909 0.954 0.885 0.910 1.074 0.992 1.015 1.052 0.941 0.979
0.64 0.928 0.905 0.923 1.040 0.984 1.018 1.050 0.974 1.016 1.023 0.923 0.973
0.72 0.734 0.687 0.727 0.658 0.586 0.631 0.682 0.604 0.658 0.685 0.594 0.661
0.80 0.606 0.570 0.612 0.561 0.497 0.537 0.651 0.569 0.626 0.664 0.573 0.654
0.88 0.598 0.585 0.615 0.639 0.587 0.626 0.776 0.691 0.750 0.722 0.630 0.718
0.96 0.785 0.759 0.777 0.888 0.839 0.968 0.946 0.873 0.956 0.971 0.888 0.987
1.04 0.992 0.973 0.992 0.998 0.938 1.004 1.029 0.932 1.023 0.780 0.689 0.780
112 0.755 0.760 0.757 0.646 0.594 0.625 0.566 0.498 0.547 0.622 0.526 0.587
1.20 0.604 0.629 0.609 0.565 0.545 0.555 0.499 0.443 0.480 0.556 0.469 0.516

spherical or cylindrical Bessel functions of the zeroth orderresolution?® Similarly, we may assume that the mobile water
that is, jo(QLg) for three-dimensional jump diffusion and species that give rise to the QENS signal comprise water
Jo(QLy) for two-dimensional jump diffusion. ThusQL, molecules in the outermost hydration layer, while those in
~4.5 andQLy~4 for the position of the maximum broad- direct contact with the hydroxylated surface are seen as im-
ening for three- and two-dimensional case, respectively. mobile. Assuming the presence of two layers of molecular
water with the areal density similar to that of surface hy-
IV. DISCUSSION droxyl groups, the outer layer with the dynamics observable
in our 19 ueV resolution experiment and the inner one seen

Neglecting a presumably small contribution from zirco- "~ ~ - . ) ; .
¢ gap y as immobile, one obtains the fraction of the elastic scattering

nium and oxygen atoms outside the I@vregion, we can . h | b o
conclude from Fig. 4 that about 60% of hydrogen atoms inX N Ed: (1)] of 0.60 from the equal number of “fast” }O

the sample are immobile on the measurement time scalgnolecules, “slow” H,O molecules, and surface OH groups.
Assuming that all the kD molecules in the system are mo- The presence of two layers of molecular water is in a good

bile and all the OH groups are immobile, one obtains thaﬁgreement vyith the weight loss measurements. as'discussed
25% of hydrogen-containing species in the sample are undid? the Experiment. It should be also noted thain Fig. 4
sociated water molecules. This is way too small to accounfiécreases with temperature owing to growing number of wa-
for the weight loss due to molecular water desorption, even ifér molecules contributing to the fast dynamics. It is possible
one takes the same areal density for hydroxyl groups anthat as temperature is increased, some slow water molecules
undissociated water molecules on top of them. This observdoose the direct contact with the hydroxylated surface to join
tion suggests that in addition to the surface OH groups &he network of fast water molecules.
fraction of H,O species is either immobile or moving too ~ An observation that a single layer of water on a hydroxy-
slowly for the instrument resolution, thus contributing to thelated surface of GO; exhibits a substantially slower dynam-
elastic scattering. Such a separation into a fast and a slois than we observé&imakes an additional supporting argu-
component has been observed for interfacial water diffusionment for the hypothesis that we assessed the dynamics of the
For example, in a fully hydrated Na-vermiculite the dynam-free water molecules in the outermost hydration level. The
ics of the “free” water molecules that are in contact only HWHM of the broadening due to rotational motion in a
with other water molecules is faster by more than an order o§ingle water layer in contact with hydroxylated surface of
magnitude compared to that of the molecules interactingCr,O; was found to be~20 ueV, which corresponds to a
with the surface and/or the intercalated iGh8! The scatter-  correlation time of about 10 ps versus 2 ps for our system at
ing from the latter molecules was seen as an elastic line ogimilar temperature.
the time scale of a time-of-flight spectrometer with 28V We will now compare the dynamics of “free” surface
water in ZrG to that of bulk water. In the classical picture of
TABLE Ill. Parameters obtained from the best fit using the two-dimensionalbUIk water 621t33a5rld below room temperature de,nved from
jump diffusion model with a fixed jump length for the translational diffusion QENS dataﬁ' " the decoupling between rotational and
component. The diffusion coefficient was calculated from the fit parameterdranslational motions is postulated. The network of hydrogen
7r and(r?) asDop=(r?)/4ry. bonds is very dense, and a water molecule is normally tetra-
hedrally coordinated. Breaking a hydrogen bond results in a
hindered rotationlike motion, and the characteristic time of

T(K) 7r(X10 12s) 7(x10s) ((r2)*?(A) Dyp(x10 °m?s)

360 1.52 19.14 4.32 24.4 this processk shows an Arrhenius-type temperature depen-
g;g i'gg ggf’é jgg ii'? dence with an activation energy of 7.74 kJ/mid\When at
300 204 20.81 291 10.9 least three bonds are simultaneously broken, translational

diffusion is possiblé! The temperature dependence of the
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6 scenario, such a large jump length is difficult to reconcile
with the bulklike molecular density. Note also that the jump
length does not seem to be directly associated with Zr-Zr

-=-== 1, bulk (after Teixeira et al.) ; ” .
R nearest neighbor distances @ril) ZrO, surface. Assuming

4| —O— trbuk (after Teixeira ef al.)

unmodified surface structure in thi&11) termination plane
o e/e/@/e o of the monoclinic zirconia, one calculates Zr-Zr distances
£ 3] ranging from 3.12 to 4.33 A, with an average of 3.71 A. A
) &‘J_F large, nearly temperature-independent jump distance of

4.21-4.32 A exceeds characteristic Zr-Zr nearest neighbor

] e distance in th€111) plane, and should be correlated instead

./‘_,.,—o D‘:‘ g with the arrangement of the water molecules in the inner

0 g--=" hydration layer. From a typical coverage of 4.6 molecules
26 2.8 3.0 32 34 36 3.8 4.0 42 per 100 & as known for a fully hydroxylated surface of

1000/T [K"1] silica®® one can deduce a distance of 4.66 A between hy-

droxyl groups in direct contact with the surface. As we have
FIG. 7. Temperature dependence of the residence time for translational argiscussed, the assumption of two layers of molecular water
rot_ati(_)nal diffusion of surface water in ZEOTh_e data for bulk wateafter with the areal density similar to that of surface hydroxyl
Teixeiraet al, Ref. 33 are shown for comparison. groups yields a good agreement with the weight loss mea-

surements and the observed fraction of the elastic scattering.
correlation time for such a motion; is non-Arrhenius. The N this scenario, the intermolecular distance in the hydration
jump distance associated with this mechanism becomé@Yers is rather similar to the jump length we observed.
smaller as temperature is increased, which is explained in Diffusion jump distances larger than those in bulk water
terms of the random network of water moleculégzor a  have been reported previously. For water in fully hydrated
tetrahedrally coordinated water molecule, the diffusion in-Phycocyanifi and half hydrated Wcor glasshe translation
volves a jump across the tetrahedral angle equal to 1.6 A. Adiffusion coefficient similar to that of bulk water has been
higher temperatures, the distribution of hydrogen bonds iglerived, despite the residence time between jumps being
more deformed making jumps at distances shorter than 1.6 About four times longer. This implies a jump length twice
possible. larger that in bulk water at similar temperatures. These ex-

Figure 7 shows the temperature dependence of the cha@mples are qualitatively different from our system because of
acteristic times for the rotational and translational compoihe water confinement in three dimensions. In both phyco-
nents of water diffusion on ZrQsurface as listed in Table Il cyanin and Vycor, the translational diffusion within highly
along with the data for bulk water from Ref. 33. The rota-confined space gives rise to a quasielastic component the
tional correlation time exhibits an Arrhenius-type behavior,width of which saturates at a finite value fQrapproaching
7r=(0.341 ps)ex{#,/RT), with the activation energyE, zero, in contrast to th€?-proportional dependence that we
=4.48 kd/mol, which is lower thaB,=7.74 kJ/mol for bulk ~ observe for water confined only in the direction normal to
water. At room temperature, the rotational diffusion of sur-the ZrQ; surface. Careful analysis of the translational diffu-
face water molecules is slower compared to that of bulk wasion of water in a fully hydrated Na-vermiculite, which,
ter by about a factor of 2. Unlike the translational motion insimilar to the system we study, has a quasi-two-dimensional
bulk water, the temperature dependencerpffor surface  nature and exhibits th@?-proportional dependence at low
water is very well described by an Arrhenius-type equationQ, yields a diffusion coefficient similar to that of bulk water,
r1=(0.424 ps)ex#,/RT), with the activation energyE,  and a jump distance of 1.9 A at 300K A large jump
=11.38kJ/mol. This value is still much lower than that for distance of 4.1 A was obtained for quasi-two-dimensional
the chemisorbed water species. For instance, rather high atanslational water diffusion in purple membrafié? It was
tivation energy of 23.8 kJ/mol was measured for the mobilityproposed that the large jump length represented an average
of surface OH species in ceffaThe residence time for the distance between neighboring potential minima of the diffus-
translational diffusion of surface water increases dramatiing molecule. For our system, similar argument suggests that
cally, being about 40 times longer compared to bulk waterthe temperature-independent jump length we obtained corre-
Nevertheless, the translational diffusion coefficient is almossponds to the distance between the potential minima of the
half the value for bulk water. For example, for bulk water diffusing free water molecule on the surface of the inner
D(298K)=22.99<10 ®m?s and D(318K)=35.75 hydration layer.
X 1071°m?/s%* whereas we obtainedD(300K)=10.9 Altogether, our findings suggest that the outermost layer
X 10 1°m?/s andD (320 K)=14.7x 10" °m?/s. of the surface water in ZrQ the dynamics of which is as-
Large diffusion coefficients are the result of much largersessable in a time-of-flight neutron experiment with 4/

jump distances compared to bulk water. For instanceresolution, shows little similarity to bulk water. It has lower
((r?)¥2=1.29 A at T=293K,*® whereas in this study we molecular density, which makes long jumps possible, and its
found ((r?))¥?=4.21A at T=300K. The jump length molecules form hydrogen bonds mostly with the immobile
shows very weak temperature dependence, increasin@n their time scalewater species of the inner hydration
slightly with temperature, and its magnitude rules out a jumgayer that are in direct contact with the hydroxylated surface.
across the tetrahedral angle as a diffusion mechanism. In anffe observe a localized motion that can be described by a
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rotational diffusion on a fast, picosecond time scale, and &uch a large jump distance cannot be reconciled with a bulk-
much slower translational component of the diffusion. Thesavater-like density of diffusing molecules. Instead, it is close
two components are decoupled to a good approximation ito intermolecular distance of 4.66 A in layers of water with
the temperature range of 300—360 K. The localized compothe assumed density of 4.6 molecules per 1Gpvhich is
nent does not show a dramatic difference in correlation timehe known coverage of fully hydroxylated silica surface. As-
with the hindered rotational motion in bulk water. In both suming the presence of about two hydration layers on top of
bulk and surface water, the dynamics of the localized rotathe layer of surface OH groups, all having similar areal den-
tional component must be correlated with the typical hydro-sity of about 4.6 molecules per 100> Awe obtain a good
gen bond lifetime. The dynamics of the translational compo-agreement with the weight loss water desorption measure-
nent slows down dramatically compared to bulk water. It isments and the fraction of the elastic scattering observed in
likely that the activation energy of 11.38 kJ/mol is related tothe experiment. Comparison with the much slower dynamics
the barrier separating the potential energy minima of the difpreviously observed for a single layer of water on the hy-
fusing molecule. The translational diffusion of water mol- droxylated surface of GO; (Ref. 24 further supports our
ecules is no longer a complex cooperative process involvingypothesis that we assess the dynamics of the outermost hy-
rearrangement of the neighboring water molecules with aration layer, whereas slower motion of the water molecules
non-Arrhenius behavior, but is a thermally activated,in the inner hydration layer contributes to the elastic signal.
Arrhenius-type surface jump diffusion instead. In this scenario, the distance between the potential energy
Finally, we want to emphasize that low density of mo- minima of the diffusing molecule on the surface of the inner
lecular water in the hydration layers that leads to the dynamhydration layer is the jump distance in a thermally activated,
ics very different from that of dense bulk water must be aArrhenius-type surface diffusion process. We propose that in
direct consequence of the surface hydroxylation. There is anxides hydrated under ambient conditions the dynamics of
evidence that the density of surface water layers neathe outermost water layer should be similar to surface water
Ag(111) electrode is similar to and even exceeds that of bulkdynamics in ZrQ.
water®®°7In such systems with a dense network of hydrogen
bonds, somewhat slower but still bulklike water dynamics
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